We use systematic 8 ns ab initio molecular dynamics (AIMD) to study the structure and dynamics of water in bulk, and close to both hydrophobic and hydrophilic (carbonyl) groups of tetramethylurea (TMU). We observe crossovers in the dynamical behavior around the hydrophobic group at TX = 256±4 K and another one at 265±5 K related to the relative strength of water-water and water-carbonyl hydrogen bonds (HBs). For bulk water, the temperature of the apparent divergence in relaxation times is located at Tc = 210 ± 10 K. To better identify the effects arising from the hydrophilic carbonyl group, systems of water with a methane molecule were used as references. These findings are related to the structural and thermodynamic transitions reported for proteins in solution and may also play a role in the mechanism of cold denaturation of proteins. PACS numbers: 82.30.Rs, 82.70.Uv, 83.10.Rs Although possibly the most investigated substance, water still holds many puzzles. For bulk water, one of the fundamental questions is the proposed existence of a liquid-liquid critical point at T c ≈ 225 K [1]. Although proposed by Poole et al. already in 1992 [1], it remains a topic of intense interest [2, 3] . In addition to the fundamental properties of bulk water, precise information about the interplay between hydrophobic and hydrophilic interactions in aqueous systems is crucial for understanding the physical mechanisms in biological systems. Proteins and lipids typically contain both hydrophobic and hydrophilic parts that respond to the presence of water differently depending on the thermodynamic and physiological conditions [4] . For example, Toppozini et al. reported a series of melting transitions using neutron scattering with cooling and heating of lipid bilayers [5]: A melting transition at 252 K for the acyl tail dynamics and solvation water, and at 264 K for lipid diffusion. Mazza et al. reported two distinct crossovers at around 252 K and 181 K in protein hydration [6] .
Although possibly the most investigated substance, water still holds many puzzles. For bulk water, one of the fundamental questions is the proposed existence of a liquid-liquid critical point at T c ≈ 225 K [1] . Although proposed by Poole et al. already in 1992 [1] , it remains a topic of intense interest [2, 3] . In addition to the fundamental properties of bulk water, precise information about the interplay between hydrophobic and hydrophilic interactions in aqueous systems is crucial for understanding the physical mechanisms in biological systems. Proteins and lipids typically contain both hydrophobic and hydrophilic parts that respond to the presence of water differently depending on the thermodynamic and physiological conditions [4] . For example, Toppozini et al. reported a series of melting transitions using neutron scattering with cooling and heating of lipid bilayers [5] : A melting transition at 252 K for the acyl tail dynamics and solvation water, and at 264 K for lipid diffusion. Mazza et al. reported two distinct crossovers at around 252 K and 181 K in protein hydration [6] .
Small hydrophobic molecules are perhaps the simplest systems for investigating the physical origins of such effects. In their elegant experiments, Qvist and Halle used 2 H nuclear magnetic resonance (NMR) to demonstrate that solvation water around small hydrophobic molecules undergoes a crossover from high activation energy rotational motion to low activation energy rotation (with respect to bulk water) at T X = 255 ± 2 K [7] . They also predicted that below T X , solvation water should rotate faster than bulk water, thus at low temperatures contradicting the famous iceberg model of hydration [8] which has been demonstrated in higher temperatures by femtosecond midinfrared (fs-IR) spectroscopy by Rezus and Bakker [9] . Qvist and Halle found T X to be close to the dynamic crossover temperature of ≈252 K found for protein solvation water and attributed to fluctuations in hydrogen bond (HB) formation [6] , and a melting peak reported for myoglobin between 250 K and 260 K [10] . Classical MD has been used extensively to explore the low temperature behaviour of water [1, [11] [12] [13] [14] [15] . The temperatures at which the anomalies occur are, however, strongly force-field dependent; commonly used water models put the melting point between 190 to 274 K [16] . However, a very recent classical MD study using the TIP4P/2005 model with trimethylamine N-oxide (TMAO) located the crossover at T X = 245 K [17] .
AIMD includes quantum mechanics and thus provides a more microscopic view. We used AIMD within the BornOppenheimer approximation to investigate the temperature dependence of dynamic and structural properties of water solvating a hydrophobic TMU molecule for temperatures from 220 to 370 K. Crossover behaviors in bulk water, water close to both hydrophobic, and hydrophilic groups were studied. The total simulation time was over 8 ns. The CPMD code [18] in the NVT ensemble was used. Van der Waals interactions were included via the DFT-D3 parametrization of Grimme [19, 20] . Time step of 0.121 fs was used and the production simulations ranged from more than 100 ps at high temperatures to over 450 ps at low temperatures. The production runs were preceded by conjugate gradient relaxation of positions and wave functions, and 50 ps equilibration. Other simulation details are as in Refs. [21, 22] .
We start from the time correlations of OH stretch frequency vibrations (ω(t)): C OH (t)= ∆ω(t)∆ω(0) / ∆ω(0) 2 , with ∆ω(t) = ω(t)− ω , and ω is the average over time and OH groups. C OH (t) is also accessible by fs-IR [23, 24] . We performed a time series analysis, as introduced by Mallik et al. [25] , to determine the time-dependent OH stretch vibrational frequencies. Since this method underestimates the OH stretch frequency of water by about 6 % [22, 25] , the frequencies were rescaled by a factor of 1.06. Figure 1a shows the time-averaged frequency distributions for bulk water. As the temperature decreases, water molecules vibrate with lower frequency, a signature of strengthening of the HBs. Another interesting feature is the appearance and increase in the proportion of dangling OH bonds at ≈3600 cm −1 (arrow in Fig. 1a ) as temperature increases.
Figures 1b & c show C OH (t) for bulk water and water closest to the CH 3 groups of the TMU molecules. For bulk water, C OH decays faster compared to solvation water, agreeing with anisotropy fs-IR measurement [9, 26] . The correlation functions are characterized by weakly temperature-dependent fast 50-60 fs initial decay and a recoil at about 175 fs, plateauing between 200 and 500 fs, and a long time decay tail beyond 500 fs. Modeling the short-time dynamics with a damped oscillatory function has been suggested to explain spectral dynamics at 298 K [25, 27] . To include the oscillations that account for the O-O-O caging effect, we modified the model to
This form was chosen to reproduce the fast initial decay with time-scale τ 0 , the HB stretch recoil period ν −1 HB , and the plateau life-time τ 1 , a consequence of the cage vibrations (period ν −1 cage ) of the surrounding water molecules. This latter is destabilized above 275 K, an indication that this mode is more important in supercooled temperatures where more stable cages are preponderant. The parameter λ accounts for the ∼15-20 fs mismatch between echo-peak shift measurement and the OH stretch-frequency correlation function [24] . Cage dynamics is responsible for vibrations with wave number k cage ∼ 40−60 cm −1 usually found in the spectra of water [28, 29] . It is also very close to the recently reported 40 cm −1 mode that has been termed Boson peak in deep supercooled water [30, 31] ; the Boson peak has also been observed in proteins, and associated with collective modes and hydration-related multiple energy minima [32, 33] . The long time tail is modeled by two exponentials. The lines through the points in [36] . An MD study of confined water in silicate located T c = 195 K for diffusion in the xy-plane and T c = 185 K for diffusion tangential to the pore walls [37] .
τ0 , was used to determine activation energies. k B is the Boltzmann constant. E a (T ) for bulk and contact water are shown in Fig. 2c . In agreement with the findings of Qvist and Halle [7] and Tielrooij et al. [26, 38] , the activation energies for contact water are higher than for bulk water at high temperatures. As temperature is lowered below the crossover temperature of 256±4 K, the activation energy of bulk water becomes larger than that of solvation water. This is in excellent agreement with the 2 H NMR result
Water molecules closest to the CH3 group (<4Å from CH3), in bulk water, and for water molecules beyond 5Å from the CH3 group. The water-carbonyl HBs become longer lived below 265 K. The HB of solvation water is stronger than the HB strength of bulk water and beyond a distance of 5Å from the CH3 group, the water-water HB strength recovers the bulk water value indicating that hydrophobic effect is a short range effect.
of T X = 255±2 K [7] . As the inset Fig. 2(d) shows, the perturbation ratio τ SolvShell /τ Bulk (solvation shell and bulk correleation times) has a maximum of 1.9 at 256 K. This compares very well with the NMR value of about 2.1 [7] .
Crossovers have been reported in the properties of solvation water of proteins and lipids, and in the dynamics of lipid tails around T X [5, 6, 10] . To study the effects of the hydrophilic carbonyl group, the HB lifetimes were examined. Three types of HBs were distinguished: (i) hydrogen bonds between two water molecules in the bulk, (ii) between water molecules in the solvation shell of the CH 3 group, and (iii) between a water molecule and the oxygen atom of the carbonyl group. The time correlation of each HB population was computed using
where n iα HB is the number of HBs per species α (categories (i)-(iii) above) and ∆n iα HB (t)=n iα HB (t)− n α HB . Results are shown in Fig. 3 . At high temperatures, the HBs in the solvation shell persist longer than in the bulk: The hydrophobic effect dominates. Solvation shell HBs are also stronger than HBs between water molecules and the carbonyl oxygen; at higher temperatures the water molecules are too fast to form stable HBs with the carbonyl oxygens. This finding agrees well with IR spectroscopy where fast HB dynamics at few hundred femtoseconds has been observed by monitoring the O-D stretch perturbation in the neighborhood of lipid carbonyl groups [39] , and the observation of moderate HB slowing down in hydrophilic solvation [40] . Below 265 K, the water-carbonyl oxygen HBs become longer-lived than bulk and solvation water HBs. A stronger water-carbonyl binding crossover is located at about 265±5 K. This is a hydrophobic/hydrophilic crossover and it has also been reported for water confined in carbon nanotubes upon cooling from 295 to 281 K [41] . The increasing strength of the carbonyl-water HBs upon cooling is in agreement with Ref. [42] . This trend is crucial in understanding cold denaturation: A consequence of stengthened hydrophilicity at low temperatures [42] , rather than purely hydrophobicity as often implied from the Kauzmann model [43] . The strengthening of water-carbonyl HBs upon cooling, evident from the sudden increase in the HB strength at 255 K, is consistent with the finding that a similar crossover at 252 K for protein solvation water is due to a large increase of HBs within the solvation shell [6, 44] . Such a crossover is not found for bulk water, although a temperature of 210 K is found where the relaxations times seem to diverge. Such a temperature cannot be attained using current AIMD approach and we therefore term this temperature as "temperature of apparent divergence". The presence of the crosssover temperature for solvation water at 256 K pushes the apparent divergence to 180 K. The 180 K crossover for a water monolayer hydrating a hydrophobic surface is associated to the Widom line departing from the liquid-liquid critical point, while the crossover at 252 K is associated to a specific heat maximum that is consequence of the structural change due to the formation of a macroscopic number of HBs in the shell as discussed in Ref. [45] . A complete study locating the liquid-liquid critical point would require constant pressure simulations at various pressures or simulations at various densities and is beyond the scope of this work.
The crossover from high activation energy process at higher temperature to low activation energy dynamics at lower temperature is not unique to OH stretch motion. In Fig. 4 we show similar crossover behavior for the OH rotational dynamics, diffusion and the single HB life-span. They all indicate crossovers at temperatures close to the experimentally reported value of 255±2 K [7] ; rotational dynamics and diffusivity of water are strongly governed by the HB dynamics.
Next, we study the structural changes accompanying the dynamic crossover. First, we analyzed the distribution of the angle ψ between the normal to a sphere around the CH 3 group and the normal to the surface formed by the three atoms of each water molecule. This angle, termed twist angle by Hore et al. [46] , has been used to describe water's rotational motion around proteins [47] . We also performed additional 35-70 ps calculations for the solvation water of methane molecule at 250, 280, 300 and 350 K. The temperature dependence of ψ is shown in Fig. 5 . For ψ=0 and 180
• , the water molecule's plane is tangential to the surface of the CH 3 group. For ψ=90
• it is perpendicular to it. As the rightmost panel shows, water molecules beyond 5Å maintain isotropy at high temperatures. But as water molecules get closer to the hydrophobic surface, tangential arrangement is preferred, especially at supercooled temperatures. As the temperature crosses 255 K, a drastic increase in the fraction of water molecules adopting a tangential arrangement appears. At T = 245 K almost all the water molecules in the solvation shell adopt tangential arrangement. This tangential arrangement of water planes together with the tangential dipole moment (discussed below) suggest a sort of carpeting of the surface of the hydrophobic groups by water. To test this hypothesis, we computed the origins of the HBs of the water molecules that are within 4Å from the methyl group. We find that for each molecule, 2.0±0.2 HBs emanate from water molecules that are also within 4Å radius. The other HBs are from further water molecules. These further water molecules are those sequestrating the bulk and the solvation water as was found earlier [46] .
A Raman study on the OH vibrations of water in alcohols showed an increase in the population of water molecules vibrating with lower frequency for solvation water together with the decrease in the population of dangling bonds of the solvation water of hydrophobic interfaces. This was interpreted as a signature of increased tetrahedral order for solvation water [48] . Consideration of other order parameters such as translational order, orientational order and water plane's orientation angle (twist angle) reveals different type of ordering for solvation water than bulk water. We find a decrease in tetrahedral order of solvation water which is a consequence of the formation of a clathrate-like hydration shell around the hydrophobic groups that leads to distorted tetrahedral angles.
To characterize waters' orientational ordering around the TMU methyl groups, the following order parameter was measured: S θ = 1 2 3 cos 2 θ i − 1 i , where θ i is the angle the dipole moment of water i makes with the normal to the surface of the closest methyl group. For an isotropic system, S θ =0. Figure 6 shows that the average over all water molecules is S θ ≈0 and that restricting sampling to the solvation shell gives non-vanishing negative values. Above 350 K, S θ → 0. At temperatures below 255 K a significant decrease occurs around 245 K. The solvation water of methane, however, displays a weak but monotonically decreasing behavior as function of temperature. These two findings, together with Fig. 5 , suggest enhanced structuring for TMU solvation water in the temperature range 235-255 K. We speculate that this may be related to the stabilized water-carbonyl HBs which are absent in the methane solution. The weak but monotonically increasing order around the fully hydrophobic methane molecule (Fig. 6) is contrasted by the rapid drop in TMU's solvation water as the temperature is lowered below the crossover. The change in the relative strengths of the hydrophobic and hydrophilic interactions [42] (through solvation free energies) around the crossover is the probable reason for the difference.
To conclude, the effect of temperature on water's OH stretch-frequency correlation function was used to investigate the proposed dynamic crossover from highly thermally activated vibrational motion of solvation water at higher temperatures to weak temperature dependent motion below 256±4 K. This crossover, that has been attributed to hydrophobic effect, is preceded by one at 265±5 K. The latter crossover is a hydrophilic one: The weak water-carbonyl HB (with respect to water-water HB) at higher temperatures gives way to the stronger water-carbonyl HB. The dynamic crossovers are accompanied by interesting structural changes within the solvation water, whereby water molecules tend to carpet the surface of the hydrophobic molecules forming two in-plane HBs and two sequestrating HBs that connect the solvation water with the bulk water. These findings may be related to the various structural and thermodynamic transitions reported for a wide range of proteins in solution and may also shed light on the mechanism of cold denaturation of proteins.
